Abstract. Middle-atmosphere models commonly employ a sponge layer in the upper portion of their domain. It is shown that the relaxational nature of the sponge allows it to couple to the dynamics at lower levels in an artificial manner. In particular, the long-term zonally symmetric response to an imposed extratropical local force or diabatic heating is shown to induce a drag force in the sponge that modifies the response expected from the "downward control" arguments of Haynes et al. [1991]. In the case of an imposed local force the sponge acts to divert a fraction of the mean meridional mass flux upward, which for realistic parameter values is approximately equal to exp(-Az/H), where Az is the distance between the forcing region and the sponge layer and H is the density scale height. This sponge-induced upper cell causes temperature changes that, just below the sponge layer, are of comparable magnitude to those just below the forcing region. In the case of an imposed local diabatic heating, the sponge induces a meridional circulation extending through the entire depth of the atmosphere. This circulation causes temperature changes that, just below the sponge layer, are of opposite sign and comparable in magnitude to those at the heating region. In both cases, the sponge-induced temperature changes are essentially independent of the height of the imposed force or diabatic heating, provided the latter is located outside the sponge, but decrease exponentially as one moves down from the sponge. Thus the effect of the sponge can be made arbitrarily small at a given altitude by placing the sponge sufficiently high; e.g., its effect on temperatures two scale heights below is roughly at the 10% level, provided the imposed force or diabatic heating is located outside the sponge. When, however, an imposed force is applied within the sponge layer (a highly plausible situation for parameterized mesospheric gravity-wave drag), its effect is almost entirely nullified by the sponge-layer feedback and its expected impact on temperatures below largely fails to materialize. Simulations using a middle-atmosphere general circulation model are described, which demonstrate that this sponge-layer feedback can be a significant effect in parameter regimes of physical interest. Zonally symmetric (two dimensional) middle-atmosphere models commonly employ a Rayleigh drag throughout the model domain. It is shown that the long-term zonally symmetric response to an imposed extratropical local force or diabatic heating, in this case, is noticeably modified from that expected from downward control, even for a very weak drag coefficient.
els commonly include a Rayleigh drag throughout the model domain, and three-dimensional models commonly include a Rayleigh drag or diffusive sponge layer in the upper portion of the model domain. In both cases the drag acts primarily as a surrogate for missing gravitywave drag, in order to produce a reasonable climate. Yet its response to perturbations can be expected to be quite different from that of gravity-wave drag, in that a Rayleigh or diffusive drag is relaxational and will thus (like a spring) react with whatever strength is required to oppose an applied force. In contrast, the strength of middle-atmosphere gravity-wave drag is determined by the tropospheric gravity-wave sources; changes in local wind conditions will change where the drag is deposited, but not its total amount. (There could be a small feedback on the tropospheric flow and therefore on the strength of the gravity-wave sources, but for middleatmosphere drag this should be a second-order effect.) Therefore it is quite possible, as noted by Haynes et al. [1991] , that middle-atmosphere models with a relaxational drag could respond to an imposed local force or diabatic heating in an unphysical manner.
The purpose of this paper is to explore this possibility. In particular, we consider the long-term zonally symmetric response of a middle-atmosphere model with a Rayleigh-drag sponge layer (in addition to a frictional boundary layer) to an imposed extratropical local force F or diabatic heating Q. (The case of a diffusive sponge layer is briefly considered in section 6 and is found to give a similar response.) The problem is first studied through idealized numerical simulations in section 2. The results suggest a departure from the "downward controlled" response, including significant temperature changes above the level of the imposed force or diabatic heating. In section 3 an asymptotic analysis of the long-term response is performed, extending the results of Haynes et al. [1991] ; this analysis provides information on parameter dependences. Two experiments with a middle-atmosphere general circulation model are described in section 4, which demonstrate that sponge-layer feedbacks in middle-atmosphere models can be important, in practice. The case of a uniform Rayleigh drag, relevant to many two-dimensional models, is considered in section 5; a noticeable departure from the downward controlled response is also found in this case, even for a very weak drag coefficient. The results are summarized in section 6, and some conclusions are drawn in section 7.
Idealized Numerical Solutions
We wish to consider the problem of the zonally sym- 
OT + Sw = Q -aT, Therefore the presence of an upper sponge layer is seen to significantly affect the zonally symmetric response to an imposed extratropical local force or diabatic heating. It does this by allowing a drag force to develop in the sponge, which then drives a circulation extending through the entire depth of the model. Although the sponge-layer feedback is attenuated by the density decrease with height, it still has a significant impact on the temperature response just below the sponge, even when the imposed force or diabatic heating is located about three scale heights away from the sponge.
The asymptotic analysis in the next section shows that this is always the case, no matter how far away the sponge is from the imposed force or diabatic heating. It should also be noted that the sponge-layer feedback is not latitudinally confined to the region of the imposed force or diabatic heating. This effect, which is another departure from downward control, is particularly evident in the case of the imposed diabatic heating, where the sponge-free circulation vanishes.
The parameter dependences of this sponge-layer feedback will be quantified by means of an asymptotic analysis in the next section. Before doing so, we consider one more idealized numerical solution, motivated by the following considerations. The available evidence [e.g., Holton, 1982; Garcia and Solomon, 1985; Shine, 1989] suggests that most of the middle-atmosphere gravitywave drag is imposed in the upper mesosphere and mesopause regions. It is generally accepted that this drag is crucial for determining the temperature struc- However, in most middle-atmosphere general circulation models the lid is no higher than the mesopause and any sponge layer is therefore acting in the upper mesosphere. This implies that gravity-wave drag parameterization schemes in such models will be applying the bulk of their drag within the sponge layer. It is therefore interesting to consider the extent to which the response to an imposed drag force is modified when the drag is imposed within the sponge layer itself. This case is shown in Figure 3 , which corresponds to Figure I but with the imposed force centered at 73 km, in the heart of the sponge layer. As before, the instantaneous response is shown in Figure 3a , the sponge-free long-term response is shown in Figure 3b , and the longterm response in the presence of the sponge is shown in Figure 3c . By comparing Figures 3b and 3c , it is evident that the sponge completely distorts the long-term response. The mass circulation (Figures 3b and 3c, top) is weakened in overall strength by about a factor of 5 and is spread over the entire hemisphere, instead of being confined directly below the force. The temperature response (Figures 3b and 3c, middle) is likewise weakened, by a factor of 5 to 10 in its maximum values, and is meridionally broadened and vertically shortened. This suggests that the response to the imposed force has been almost completely nullified by the sponge; in addition, a spurious mass circulation has developed that forces (weak) temperature changes over all latitudes.
Asymptotic Solutions
In this section we consider asymptotic solutions of 
where Q8 However, significant differences are also apparent.
Before discussing those differences, we first establish that the response seen in Figure 8b to an imposed extratropical local force or diabatic heating in a real middle-atmosphere model may be significantly more complex than that described in section 2. Nevertheless, sponge-layer feedbacks can be expected to be part of the response.
Case of a Uniform Rayleigh Drag
In sections 2-4 we have considered the case of a vertically confined upper sponge layer, which is the situ- the maximum value of the warming, but it is spread out latitudinally so that the zonal wind response is reduced by about 20%.
We now try to understand these effects quantitatively by means of an asymptotic analysis as in section 3. We assume r < a, which is appropriate for two-dimensional middle-atmosphere models. In this case it is convenient to ignore the boundaries altogether. We can still use the approach of Haynes et al. Having demonstrated the existence of a sponge-layer feedback, it must be emphasized that its effect on temperatures and winds decreases exponentially as one moves down from the sponge. Thus the effect of the sponge can be made arbitrarily small, at a given altitude, by placing the sponge sufficiently high; e.g., its effect on temperatures two scale heights below the sponge is roughly at the 10% level (i.e., e -2 • 0.1). However, this statement applies only when the imposed force or diabatic heating is located outside the sponge.
When an imposed force is located within the sponge layer (a highly plausible situation for parameterized mesospheric gravity-wave drag), the response below is severely distorted from downward control (Figure 3 ). In this case the force is nearly entirely absorbed within the sponge layer, and what little remains of the mass circulation is spread out over the entire hemisphere. This suggests that any parameterized force acting within a model sponge will largely fail to achieve its expected impact on temperatures below. Some middle-atmosphere models employ a diffusive rather than a Rayleigh-drag sponge layer. Although diffusion is still relaxational, there is now a constraint that the net drag over the sphere, on a given level, must vanish. To see whether this constraint has a qualitative effect on the response, we repeated the experiment shown in Figure i .) The precise vertical dependence of y above 60 km is the same as in (6). Figure 13 shows the response and is to be compared with The principal focus of this paper is on sponge-layer feedbacks, these being relevant to many three-dimensional models. In contrast, two-dimensional middle-atmosphere models commonly employ a background Rayleigh drag through their entire model domain (sometimes
